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Abstract

A high speed solid-state framing camera has been developed which can operate
over a wide range of photon energies from the visible/near-infrared, 1.74 eV, into the
hard x-ray regime, 10’s of keV. This diagnostic uses the ultrafast index of refraction
change in a single crystal cadmium selenide semiconductor. The index of refraction
changes are due to the absorption of photons of higher energy than the bandgap of the
semiconductor and this change is detected using a short pulse probe beam, ~500 fs, which
is composed of photons with an energy lower than that of the bandgap. This camera
measures the two-dimensional spatial profile of the flux incident of the cadmium selenide
semiconductor at multiple times. This multi-frame camera has been tested at 3.1 eV using
a frequency doubled Ti:Sapphire laser and at 4.5 keV and 8 keV using K, emission from
a titanium and copper laser-produced x-ray plasma source, respectively. The framing
camera currently records two frames with a temporal separation between the frames of 5
ps but this separation can be varied between 100s of femtoseconds up to nanoseconds and
the number of frames can be increased using an alternative approach to probing the
cadmium selenide semiconductor. The use of a narrow bandgap semiconductor, rather

than the current cadmium selenide would also enable the extension of this technique well
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into the long-wavelength infrared spectrum, down to 12 um using HgosCdy,Te for

instance.

Ultrafast pump-probe techniques have been developed in the visible and x-ray
regime to study the dynamics of physical systems and achieve two-dimensional gated
images. In the x-ray regime, using sub-ps free electron lasers (FEL), these pump-probe
systems have generally measured the diffraction pattern of the FEL and reconstructed the
object under study using iterative phase retrieval techniques which were originally
developed by the electron and visible optics communities.’” Also in the x-ray regime,
laser-produced x-ray backlighters from short pulse lasers have been used to backlight
imploding fusion capsules and Rayleigh-Taylor instability experiments to infer the two-
dimensional line-averaged density in the target.®® These laser-plasma experiments are
limited to gate times defined by the temporal length of the x-ray source, several ps, and
generally must be used with gated framing cameras in addition to block the x-ray
emission from the target under study. These gated x-ray framing cameras have an
inherent spatial resolution of ~50 um due to the microchannel plate technology
employed.'® These pump-probe techniques, however, require an active probe beam, either
in the optical or x-ray regime, and can't be used for example to study the time dependent
self-emission from the object under study. In addition many facilities, such as the
National Ignition Facility, do not yet have access to short pulse lasers with sufficient
energy to perform backlighting experiments.

In order to measure self-emission over a short period of time it is necessary to

employ a gated detector. Current x-ray framing cameras use strip line microchannel



plates to achieve multiple frames of x-ray images. These devices are limited to temporal
resolutions of ~30 to 40 picoseconds, ps, and as stated above the inherent spatial
resolution of the detector itself is also limited to ~50 um due to the microchannel plate
technology employed.' Intensified charge coupled devices, ICCDs, which also utilize
microchannel plates, are used to take single frame optical images at temporal resolutions
of ~1 nanosecond, ns, and a spatial resolution of >30 um. Pockels cells can be utilized in
the optical and infrared to obtain gated images but they introduce a wavelength
dependent transmission through the Pockels cell/polarizer combination and are limited to
gates times longer than a nanosecond. There are currently no options for high speed, ps,
framing cameras operating in the infrared spectrum.

The impetus behind the development of the framing camera described in this
article was the need to have an x-ray framing camera that could measure the self-
emission from imploding fusion capsules and the burn propagation of an ignited plasma.
The requirements for such an x-ray imager include a high spatial resolution, ~5 um, a fast
temporal resolution, several ps, and the ability to operate in a high neutron vyield
environment, approaching 10*° neutrons produced in a time of 15 to 20 psec. This
neutron flux can interact directly with all elements of the diagnostics, overwriting
electronically or photographically stored images before they can be read out.™* When the
neutrons reach the chamber wall or objects in the chamber, they promptly undergo
(n,n")y[] reactions] and produce a massive gamma ray flux throughout the vicinity of the
target chamber. The gamma ray flux produces Cherenkov light in glass optics that can
contaminate signals, and can darken optical fiber and glass at high exposure levels.'*

Calculations and tests of the interaction of neutrons with the chamber structure and



diagnostic elements predict that this gamma ray flux will produce sufficient EMP levels
to generate large transient currents and voltages on exposed cables and electronics.*
They are also likely to cause permanent failure of unshielded electronic devices and can
affect the operation of electronic cameras that are exposed to it. Our approach to these
challenging requirements was to develop a framing camera in which the two-dimensional
x-ray flux would be rapidly encoded, < 1 ps, into an optical probe beam and then relay
imaged out of the chamber and into a shielded bunker where it would be protected from
the effects of these neutrons.

The framing camera described in this article represents a fundamental shift from
the microchannel plate paradigm and accomplishes the functions of a framing camera
with all optical and solid-state components. Some of the advantages of this approach
include the ability to achieve higher spatial resolution than instruments utilizing a
microchannel plate, temporal resolution approaching 100s of femtoseconds, potentially
higher dynamic range and the ability to operate in a high neutron flux environment. In
addition, with straightforward modifications the framing camera could be made to
operate from the x-ray regime down to the long wavelength infrared spectrum and
additional time frames, beyond the two current frames, could be implemented with inter-
frame temporal spacing ranging from subpicosecond to nanoseconds. This broad
functionality would find uses in many different areas of research.

The optical encoding of the x-ray flux is based upon the rapid change, <100 fs, in
the index of refraction of a semiconductor when the semiconductor is excited with
photons with energy higher than the bandgap. These incident photons create electrons

and holes with excess energy which then relax through interactions with phonons and



other carriers in the system. The photoexcited carriers in the conduction and valence
bands modify the absorption spectrum, which results in a change in the refractive index
through the Kramers—Kronig relation between the real part of the refractive index and the
absorption coefficient.*? This change in the index of refraction is dependent on the probe
energy, relative to the bandgap energy, and is highest for energies close to the bandgap in
the semiconductor. The optical encoding itself is accomplished through the use of a
binary grating, with a period of 20 um, in contact with the semiconductor. When photons
with an energy higher than the bandgap of the semiconductor pass through the binary
grating and into the semiconductor they create a transient phase grating inside the
semiconductor. A probe beam, composed of photons with an energy lower than the
bandgap of the semiconductor, is then incident from the opposite side of the
semiconductor as the pump source and probes the transient grating. This opposite side of
the semiconductor has an antireflection, AR, coating for the probe wavelength. The side
of the semiconductor in contact with the grating has a high reflectance, HR, coating for
the probe wavelength such that the probe beam passes through the transient grating twice,
the second time after reflecting off of the HR coating. The probe beam then leaves the
semiconductor in the opposite direction from which it was incident. When the transient
grating is present, the reflected probe beam consists of both the zero order component,
specular, as well as the higher diffractive orders of the grating, each of which leaves the
semiconductor at separate angles given by the grating equation.

Several techniques were employed to reduce scattered light and noise in the
diffracted images. Noise can come from both the diffraction pattern of the probe beam

and scattering caused by imperfections in the imaging optics and the semiconductor



internal structure and external surfaces. To address the diffraction pattern of the probe
beam we employed an apodizer mask. Apodizers are used to change the distribution of
diffracted light in the far-field.*® The functional form of the apodizer pattern was chosen
to be a discreet version of a Blackman window, whose continuous form satisfies the
equation T(r,0)=0.42-0.05cos[2x(r+0.5)]+0.08 cos[4n(r+0.5)]. For the apodizer used in
this experiment, we implemented the continuous Blackman window as 360 separate
leaves with each leaf representing one degree. The apodizer was made on a quartz
substrate by over coating with chrome and then selectively removing the chrome using
lithographic techniques. One of the 360 leaves comprising the apodizer is shown in
Figure 1. this figure shows a closed curve representing 1 degree of the apodizer. All light
on the outside of the closed curve was attenuated, <10 transmission, by a thick chrome
layer.

A second contribution to the scattered light seen in the images is due to scattered
light, from the surface of the semiconductor itself and also due to imperfections in the
crystal; grain boundaries, twinning planes, etc. Because of the cadmium in the
semiconductor we were unable to polish the wafer at the time of the experiment. To
reduce the level of scattered light from the as purchased wafer, a filter was placed in the
Fourier plane to block the majority of the scattered light, as well as the zero order probe
light, and only pass the signal from the odd orders of the transient grating diffraction
pattern. In particular, the filter consisted of placing circular holes at the locations in the
Fourier plane corresponding to the odd orders of the diffraction pattern as seen in figures
2 and 3. Because the bar and trough region of the gratings were of equal width, the even

diffracted orders of the grating were expected to be weak relative to the odd orders and



were blocked. This eliminated the majority of the scattered light but also introduced a
limit on the spatial resolution obtainable. The diameter of the hole was chosen to be the
distance between the zero order and first order diffracted spots from the 20 um period x-
ray grating. Therefore each of the holes passed spatial wavelengths larger than 40 um at
the semiconductor plane(25 cyclessmm). The 2-D isotropic power spectral density
function of polished optics generally follows a power law between, k™ to k*°, where k
represents a surface spatial frequency.***> A Fourier plane camera was used to measure
the scattered light in the Fourier plane at the location of the first and third orders of the x-
ray diffraction grating and the scattered probe light within the Fourier plane filter around
the third order was more than a magnitude lower than the scattered probe light within the
Fourier plane filter encompassing the first order of the x-ray transient grating. As such by
increasing the frequency of the x-ray modulation grating from a pitch of 20 um to a pitch
of 4 um, a factor of 5, one would expect a decrease in the scattered light from the
semiconductor surface between a factor of 11 to 56. That would likewise increase the
spatial frequencies passed by the Fourier filter to 100 cycles/mm.

A wave-optics simulation was performed to demonstrate the effects of the
apodizer on the ability of the system to measure small transient phase profiles. In
particular a continuous Blackman apodizer was compared with a uniform circular
aperture, both with and without a transient sinusoidal phase pattern, amplitude of 0.00628
radians, present in the cadmium selenide, CdSe. At this level the sinusoidal phase pattern
is not observed above the diffraction pattern of the zero order beam in the case of the
uniform circular aperture, Figure 2a, but is more than five orders of magnitude above the

diffraction pattern from the zero order beam in the case of the Blackman apodized



aperture, Figure 2b. In these figures the only signal that is passed to the detector lies
within the dashed black circle. The rest of the Fourier plane is blocked to suppress the
zero order from the probe beam and the scattered light which originates from the external
surfaces and from the internal imperfections of the semiconductor.

The experiments conducted to test this framing camera were carried out on the
Callisto laser at the Lawrence Livermore National Laboratory's Jupiter Laser Facility.
The experimental setup is shown in Figure 3. The short pulse probe beam, ~1 ps full-
width-at-half-maximum, passed through the Blackman apodizer, through a half wave
plate that was used to equilibrate the zero order probe energy between the two frames on
the detector and then through a birefringent crystal which was used to introduce a time
delay between the two orthogonally polarized probe signals. The probe was slightly
chirped such that if the chirp were completely removed the pulse length would be ~60 fs.
The delay crystal was an A-cut YVO, crystal which produced a relative delay between
the two orthogonal polarizations of the probe beam of (ne-ny)L/c or ~ 5 ps for the L=7
mm long crystal at the probe wavelength of 805 nm. The two temporally displaced probe
beams then reflected off of the CdSe semiconductor. CdSe was chosen primarily due to
the close proximity of its band gap energy, 1.74 eV, to the experimental facility’s probe
beam energy, 1.54 eV(805 nm). The CdSe semiconductor was AR coated for 805 nm on
the side upon which the probe beam was incident. The side facing the source was coated
with either a dielectric HR coating or 250 nm of copper to provide a reflective surface for
the probe beam but to allow passage of the source photons(3.1 eV, 4.5 keV or 8 keV,
respectively) into the CdSe semiconductor. A grating/mask was placed in contact with

the HR layer to provide the spatial modulation of the impinging x rays or 400 nm photons



from the doubled Ti:Sapphire facility laser. The x-ray grating/mask was constructed by
Microworks Gmbh with an overall pitch of 20 um, 10 um wide and 10 um thick gold bars
with 10 um wide and 16 um thick epoxy resin in between the gold bars. A portion of the
x-ray grating/mask is shown in Figure 4 showing resolution bars used to determine the
modulation transfer function of the camera and a central National Ignition Facility, NIF,
logo. The visible/ultraviolet grating consisted of a fused silica substrate with an
aluminum binary grating which also had an overall pitch of 20 um, 10 um wide
aluminum bars and 10 um wide AR coated fused silica. The probe beams were relay
imaged from the CdSe convertor onto a beam displacer which was used to spatially
separate the two orthogonally polarized probe beams. The two probe beams then passed
through a Fresnel biprism to enable the two probe beams to be differentially filtered in
the Fourier plane. These two temporally and spatially separated probe beams were then
relay imaged onto the CCD detector which recorded the two images which were
separated in time by ~ 5 ps. A beamsplitter was also used in conjunction with a lens to
form two images, also separated in time by ~ 5 ps, of the Fourier plane on a separate
CCD detector.

The x-ray source was produced by focusing the 60 fs Ti:Sapphire facility laser,
centered at 805 nm, onto a 100 um thick titanium or copper foil. The laser energy was
varied between 0.1 and 5 J which produced an x-ray source dominated by either the
titanium K, x rays, 4.5 keV, or the copper K, x rays, 8.05 keV, as determined from the
spectra obtained with a single hit x-ray CCD camera. The spectrum from a 92 mJ shot on

a titanium target is shown in Figure 5. For testing with a visible/ultraviolet pump source



at 403 nm, a crystal was used to frequency double the Ti:Sapphire laser which then
illuminated the CdSe semiconductor.

A composite of raw data from one of the Ti K, x-ray pump series is shown in
Figure 6. Figure 6a shows the measured signal with the probe beam incident on the CdSe
with no Ti K, pump x rays present and the zero order and negative orders blocked on the
Fourier plane filter. This signal represents the probe light which is scattered by the
surfaces and internal structure of the CdSe semiconductor. Figure 6b represents the
apodized zero order signal with the probe beam incident on the CdSe with no Ti K, pump
x rays and only the negative orders blocked on the Fourier plane filter. Figure 6¢ shows
the diffracted signal with the probe beam incident on the CdSe at the same time as the 4.5
keV x-ray pump source and the zero order and negative orders blocked on the Fourier
plane filter. The images are analyzed by subtracting the normalized scattered signal, Fig.
6a, from both the probe image, Fig. 6b, and from the diffracted signal, Fig. 6c. The
difference between the diffracted signal and the scattered signal with no pump, Fig. 6c
minus Fig. 6a, is then divided by the difference between the spatial profile of the zero
order probe beam and the scattered signal with no pump beam, Fig. 6b minus Fig. 6a. The
square root of this ratio, shown in Fig. 7, is then proportional to the transient phase
produced in the CdSe and hence the spatial profile of the x-ray flux.

The spatial profile of the x-ray flux in figure 7 can then be analyzed to determine
the modulation transfer function, MTF, of the framing camera as configured in this
experiment. This was accomplished in two ways. In the first method, a series of bar
patterns were implemented in the x-ray grating/mask with the pitch of the bar patterns

decreasing by a factor of two between each set of bars. By taking lineouts of the bar
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patterns the MTF can be determined as a function of cycles/mm. In this case the percent
MTF at 2 cycles/mm was defined as one and the results of this analysis are shown in Fig.
8 as discreet circles. For the second method, the edge at the upper left corner of the letter
N in the grating/mask shown in Fig. 4 was used to determine the MTF. The MTF is equal
to the absolute value of the Fourier transform of the derivative of the edge spread
function. The edge spread function in this case was a horizontal lineout across the left
edge of the N which was averaged in the vertical direction. The MTF calculated from the
edge spread function is denoted by the dashed black line in Fig. 8. The MTF and hence
the spatial resolution in this case is limited by the diameter of the circle in the Fourier
plane. By either removing the Fourier filter or by decreasing the pitch of the x-ray grating
and correspondingly increasing the diameter of the circle by the same amount in the
Fourier plane the spatial resolution would be increased. For instance changing the pitch
of the grating from its current 50 Ip/mm to 250 Ip/mm and increasing the diameter of the
circles in the Fourier plane by the same factor of five would increase the spatial
resolution to ~ 5 um.

For each shot the diagnostic measured two frames displaced in time by 5 ps. A
time sequence composed from two shots, two frames on each shot, is shown in Figure 9.
These images have been normalized by the zero order undiffracted beam. This sequence
begins with the probe beam incident on the CdSe semiconductor before the x rays from
the laser-produced plasma are incident on the front side of the semiconductor and ends
with the probe beam incident after x rays have impinged upon the CdSe semiconductor.
A camera was also employed to measure the Fourier plane images. This camera was used

to assess the ratio between the scattered light in the zero and first order beams to
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determine the level of the transient phase grating driven in the semiconductor. Previous
experiments in conjunction with simulations determined that the energy in the first order,
E;, of a uniform grating, made with the same lithography mask as the current
grating/mask, relative to the energy in the zero order, Eo, was equal to E1/Eq = 0.067(¢)?,
where ¢ is the phase amplitude of the grating in radians.’® From the ratio of the energy
scattered in the zero and first orders in the Fourier camera, it was determined that the
transient grating in Fig. 9a had a phase amplitude of 0.01 radians, Fig. 9b had a phase
amplitude of 0.03 radians, Fig. 9c had a phase amplitude of 0.54 radians and Fig. 9d had
a phase amplitude of 0.47 radians. From this time series it is evident that the rise time of
the modulation in the probe beam is less than the 1.7 ps inter-frame time between Fig. 9b
and Fig. 9c.

The multiframe capability of a CdSe semiconductor was also tested in the
visible/UV region by frequency doubling the 805 nm Ti:Sapphire laser. In this case an
aluminum grating deposited on a quartz substrate was used to modulate the incident flux
on the semiconductor. This grating did not contain resolution test patterns but rather only
the central NIF logo which was common to the x-ray grating. A time sequence of
diffracted images from this exposure is shown in Fig. 10. Each image is delayed relative
to the image above by 1.67 ps such that Fig. 10a represents the first shot with a delay of ©
and Fig. 10b represents the second shot with the probe delayed t+1.67 ps relative to Fig.
10a, etc.. The vertical dashed line separates the two frames on a given shot. The image to
the left of the dashed line has its probe delayed by 5 ps relative to the image on the right.
Again a camera located in the Fourier plane was used to determine the phase amplitude

of the transient grating as a function of delay between the probe and the pump source.
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Figure 11 then shows the time-dependent phase amplitude of the transient grating. The
line is a fit to the experimental points and has the form

Phase = 0.0615*exp(-(7 -1.9)/60.1)/(1 + exp(-(z -1.9)/1.)), (1
where t is the time in ps. This shows that the decay of the transient phase has an
exponential form with a decay time of ~60 ps. The fit, Eq. 1, to the experimental points
has a rise from 20% to 80% of 2.6 ps.

In summary, a solid state framing camera has been developed and tested in the
visible and hard x-ray regime. The camera currently records two frames with a temporal
separation between the two frames of 5 ps, which could easily be varied. We employed
polarization techniques for this design to realize the two frames for the framing camera,
however, it would be straightforward to use alternative techniques to enable many more
temporal frames. For this experiment a CdSe semiconductor driven by a pump, x-ray or
visible, was used to spatially and temporally modulate the probe beam. This particular
semiconductor enables continuous operation of the framing camera from the visible/near
infrared to the hard x-ray regime, 10's of keV. The use of a narrower bandgap
semiconductor would enable the extension of this technique well into the long-
wavelength infrared spectrum, down to 12 um using HgosCdo,Te for instance. This
diagnostic measured transient phase amplitudes, driven by the x-ray flux, ranging
between 0.01 radians to 0.54 radians, the upper limit of which was limited by the
available x-ray flux from the source. Improvements in sensitivity can be realized by
probing the semiconductor much closer to the bandgap, choosing a semiconductor such
as GaAs which has significantly less internal scattering and which is easier to polish to

achieve a higher surface quality(less scattering), decreasing the pitch of the modulating
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grating(also leads to improved spatial resolution) to move the diffracted signal to a region

of lower scatter and employing an interferometric detection scheme.
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FIGURE CAPTIONS

Figure 1 Single leaf of the discreet Blackman apodizer implemented for the x-ray framing

camera.

Figure 2 Wave optics simulations of the Fourier plane in the case where the x-ray flux
produced a transient grating in the CdSe with an amplitude of 0.00628 radians. Figure 2a
represents the Fourier plane for a probe beam with an unapodized hard circular aperture.
In this case the diffracted signal from the transient grating is not apparent above the
diffraction pattern of the probe beam. Figure 3a represents the Fourier plane for a probe
beam with a continuous Blackman apodized probe beam. In this case the diffracted signal
from the transient grating is readily apparent above the diffraction pattern of the

Blackman apodized probe beam.

Figure 3 Experimental geometry used to measure the two-dimensional x-ray flux
produced by the laser-plasma source at two separate times. Labels in the figure are:
mirror(M), lens (L), beam splitter(BS), charge coupled device(CCD), beam
displacer(BD), Fresnel biprism(FB), nonpolarizing beamsplitter(NPBS) and half

waveplate (A/2).

Figure 4 X-Ray Grating/Mask used for two-dimensional imaging diagnostics. The gray
regions indicate where ~10 um of gold blocked the x-rays and the open areas allowed the

x-rays to impinge upon the semiconductor.
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Figure 5 Histogram of the x-ray spectrum driven when the laser interacts with the

titanium target. This spectrum was taken with a laser energy of 92 mJ.

Figure 6 Composite raw data images. Figure 6a shows the measured signal with the probe
beam incident on the CdSe with no x-ray pump signal and the zero order and negative
orders blocked on the Fourier plane filter. This signals represents the light which is
scattered by the surfaces and internal structure of the CdSe semiconductor. Figure 6b
represents the apodized zero order signal with the probe beam incident on the CdSe with
no x-ray pump signal and only the negative orders blocked on the Fourier plane filter.
Figure 6¢ shows the diffracted signal with the probe beam incident on the CdSe at the
same time as the x-ray pump signal and the zero order and negative orders blocked on the

Fourier plane filter.

Figure 7 Processed x-ray framing camera signal with 5 ps inter-frame time between the
upper and lower frames. This image was taken with Ti k. X rays backlighting a resolution

pattern/grating.

Figure 8 Modulation transfer function produced from the bar patterns in the Xx-ray

grating/mask.

Figure 9 Sequence of two-dimensional images obtained from x-ray pumped, 4.5 keV,

CdSe.
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Figure 10 Sequence of two-dimensional diffracted images obtained from optically
pumped, 403 nm(3.1 eV), CdSe. Each image is delayed relative to the image above by
1.67 ps such that Fig. 10a represents the first shot with a delay of t and Fig. 10b
represents the second shot with the probe delayed t+1.67 ps relative to Fig. 10a, etc.. The
vertical dashed line separates the two frames on a given shot. The image to the left of the

dashed line has its probe delayed by 5 ps relative to the image on the right.

Figure 11 Temporal decay of the transient phase grating excited in CdSe via optical

pumping at 403 nm(3.1 eV). Each point represents a separate shot with the delay in the

probe beam adjusted between each shot.
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